In order to study the root system structures and forms of crop plants both qualitatively and quantitatively, it is desirable to collect intact root systems without disturbance of spatial arrangement of roots. There is also a need to have a reproducible root system samples within a given species.
The revised root-box method9' has been reported to be a practical experimental system to obtain the above a requirements . The revised root-box method has also been reported to facilitate soil environmental Vol. 28, No. 2 (1990) (23) 53
control.
So that, it is expected to get much knowledges of the mutual relationship between root development and soil strength, if there is a equipment which gives the information of soil mechanical impedance in situ where root system components grow.
In the previous paper,10) we attempted to develop a device for measuring soil penetration resistance as a function of soil depth in the root box and the validity of the application of that device to measure penetration resistance in the root box was discussed. In this paper, the soil physical environment under compacted state in the root box was analyzed using this penetrometer device, and the variation of penetration resistance throughout the entire soil depth was examined thoroughly to find out any relationship with root radial expansion growth, especially that of the seminal axis components.
MATERIALS AND METHODS
Soil physical environment Air dried Kisogawa soil (alluvial loamy sand), containing 87% sand, 9.6% silt, and 3.4% clay was filled to the root box (24 cm in length, 2 cm in width and 40 cm in depth) with adjusted bulk densities of 1.33 g/cm3 (control) and 1.50 gf cm3 (compact), following the procedure reported previously.9) Subsequently, the root box was submerged for about 1 hr (irrigation) until air bubbles coming from the soil ceased to appear. After this the root box was drained to field capacity. The determination of soil physical environment was conducted along the entire depth at different times (1, 3 and 7 days after irrigation) of both the control and compact plots.
Measurements of penetration resistance of the soil filled to the root box were conducted using a developed penetrometer device.10) A probe of 2.3 mm in diameter was tested to penetrate into the soil continuously for about 40 cm downward. However, this probe could not penetrate straight into the soil in the compact plot when the soil became drier around 5 days after the irrigation. Therefore, penetration resistance was measured as follows. The root box was laid down, then the upper removable wall was carefully taken by sliding it so as not to disturb the soil structure. Penetration resistance was measured at a depth of four times that of the probe diameter, i.e., about 9 mm depth at 1 cm interval along the entire depth of the soil.10' After determining the penetration resistance, the soil profile was divided into six equal layers along the depth of the root box. The three phase distribution, i.e., solid, liquid and gaseous component of the soil in the root box was measured in each layer following the method mentioned elsewhere,9' using a soil sampler with 5 cm diameter. Soil samples were taken only from the middle zone of each soil layer since preliminary experiment indicated that there was no significant variation along the horizontal directions in each soil layer.
Plant root growth
Air dried Kisogawa soil was sieved in 3 mm mesh and mixed with powdered compound synthetic fertilizer (12% N; 8% P2O5; 10% K2O) at the rate of 0.2 g/kg of soil. Three root boxes with 1.33 g/cm3 bulk density (control) and 1.50 g/cm3 (compact) were prepared. One day after irrigation (day 1) when the soil moisture content was almost at field capacity, three pregerminated seeds of upland rice (Oryza sativa L, cultivar Normn 11) were sown at about 2 cm depth in the root box on May 27, 1987. After establishment, the seedlings were thinned to one plant per root box and allowed to grow inside a vinyl shed. Irrigation was repeated on day 7 . Two weeks after sowing, the plants with intact root systems were sampled following the revised rootbox method.9) The root system samples were preserved in a formalin-acetic acid-70% ethanol mixture (FAA) for further observation after taking photographs. The root system of the plant showing average growth was selected. Diameter of the seminal root at 1 cm interval along its axis and that of all the 1 st order lateral roots growing on the seminal axis were measured directly under a stereo microscope with micrometer. Each of the 1st order lateral root diameter was measured at 3 points, i.e., base, middle and tip, and was expressed as a mean diameter. The average diameter of the 1 st order lateral roots classified according to their emergence position at 1 cm interval along the seminal axis was expressed as mean value.
RESULTS AND DISCUSSION
Time course changes in the physical conditions of the soil with two different bulk densities are shown in Table 1 . When compared to the control the soil of the compact plot showed higher solid but lower liquid and gaseous component (% by volume) throughout the experimental period. The mean value of the penetration resistance in the compact plot was about 3-5 times higher than the control and the variation of penetration resistance along the soil depth in the root box expressed as standard deviation was also greater in the compact treatment. As the liquid component decreased with time the penetration resistance increased due to the increment of friction among soil particles or between the probe and soil particles. Solid component showed a tendency to increase slightly with time in the control plot. This may be caused by natural compaction. Changes in the soil physical condition along the depth of the soil seven days after irrigation are shown in Fig, 1 . The variation of penetration resistance along the soil depth was considered to be influenced by both solid and liquid components.
Root system profiles of upland rice are shown in Fig. 2 . Upland rice was grown under the soil physical conditions mentioned above for two weeks so that its root system were subjected to gradients of soil water status, air permeability and mechanical impedance. Restriction of root extension to the longitudinal direction of the soil , Vol. 28, No. 2 (1990) (27) 57 Takijima et al.13) reported that no roots of paddy rice penetrated into the soil cores when the Yamanaka soil hardness was greater than 10 kg/cm2. Previous paper9) reported that the relationship between the soil hardness (Y) measured by Yamanaka soil hardness tester and the penetration resistance (X) obtained by the penetrometer used in this experiment was expressed as the linear regression, Y=0.314X+0.107 (r=0.9659, p <0.001) . So that, the soil strength of about 33 kg/cm2 mentioned above agrees with the result obtained by Takijima et al.
On the contrary, in the control plot, it was not as clear as that in the compact plot. The report which observed changes in nodal root diameter of paddy rice grown under submerged condition in a pot showed that root diameter gradually decreased acropetally in many cases.14) This suggests that the tendency of root diameter to increase acropetally in the control plot could be affected by the soil environment rather than the physiological characteristic of radial expansion growth of root. Results in this study indicated that patterns of soil mechanical impedance along the entire depth of the root box could be recorded in root axes as the history of radial expansion growth when root tips were exposed to higher mechanical impedance.
Many of the studies concerning soil compaction has paid less attention to the variation in soil mechanical impedance along the depth of the growth media. Oftentimes soil mechanical impedance is expressed as a mean value without showing the variation along the depth in a given growth media. Bradford15) demonstrated that there were considerable variations of the soil bulk densities along the depth of cylinders of 7.76 cm in length and 3.78 cm in diameter. This indicates the existence of variation of soil bulk density even in much shallower containers.
